and origin of the azuki bean (Mimura et al. 2000 , Xu et al. 2000a , 2000b , Yano et al. 2004 , Yee et al. 1999 , Yoon et al. 2006 , Zong et al. 2003 , a discrepancy in the origin of the diversity of the cultivated azuki bean (Mimura et al. 2000 , Zong et al. 2003 remains to be resolved. Based on RAPD analysis of wild, weedy and cultivated azuki beans, Mimura et al. (2000) found genetic divergence between eastern and western populations of the wild azuki bean, and assumed that the divergence had been created by natural dissemination of wild populations. They further hypothesized that the cultivated azuki bean has been disseminated throughout Asia after domestication in the eastern part of Asia through human and ethnic migration based on the close resemblance of RAPD profiles in the cultivated azuki bean. In contrast, based on AFLP analysis, Zong et al. (2003) claimed that the domestication of azuki beans had occurred at least twice, once in the Himalayan region of southern Asia and once in northeast Asia, although the direct wild donors remained to be pinpointed. These two hypotheses are drawn based on the geographic pattern of genetic resemblance within V. angularis. To understand the diversification process of cultivated plants, it is necessary to estimate the direct wild donors. Therefore, in order to resolve the conflicting opinions on the intraspecific relationship of V. angularis, this paper examined the differentiation of chloroplast maternal lineages in wild, weedy and cultivated azuki beans by analyzing the DNA sequences of four chloroplast noncoding regions, trnQ-rps16, psbD-trnT, and trnT-trnE and trnY-trnD, which are of a highly polymorphic nature (Shaw et al. 2005 (Shaw et al. , 2007 .
Thirty-one azuki bean samples were selected, including 11 wild, 6 weedy and 14 cultivated accessions (Table 1) , based on the distribution area including the Himalayan highlands to East Asia and haplotype differences in the third intron of the α-amylase gene (Fukushima et al. 2005 Total DNA was extracted from fresh or silica-dried leaves from one individual per accession using the modified CTAB method (Doyle and Doyle 1987) . Primers for sequencing the four non-coding regions were designed according to Demesure et al. (1995) and Shaw et al. (2007) and with reference to two legume chloroplast sequences (Glycine max Merr. and Lotus japonicus (Regel) K. Larsen) (NCBI database, http://www.ncbi.nlm.nih.gov/) ( Table 2) .
Polymerase chain reaction (PCR) was performed using a thermalcycler (GeneAmp(R) PCR System 2700, Applied Biosystems) in 25 μl volumes with the following reaction components: 2.5 μl of 10 X reaction buffer, 2.5 μl of 25 mM MgCl 2 , 2.5 μl of 1.25 mM dNTPs, 1.25 μl of each 10 μM primer, 0.1 μl of Takara rTaq (Takara Shuzo Co. Ltd., Shiga, Japan), 1.0 μl of 5-10 ng/μl genomic DNA and 13.9 μl of dH 2 O. PCR products were purified with a Viogene PCR (1995) purification kit (PCR-M clean-up system). All DNA sequencing was performed using the ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction Kit, v. 3.1 (Perkin-Elmer/Applied Biosystems, Foster City, California, USA) according to the manufacturer's protocols, and analyzed on an ABI 3100 automated sequencer (Applied Biosystems). All DNA sequences were deposited in DDBJ with the accession numbers from AB375351to AB375371, from AB375801 to AB375855, and from AB376041 to AB376078. Sequences were aligned with ClustalX v.1.83 (Thompson et al. 1997 ) and manually adjusted in GeneDoc (Nicholas and Nicholas 1997) . Single-base indel and inversion sites were removed from data analysis. Informative indels were coded as binary characters, and polymorphic microsatellites were scored as 1, 2, 3, 4, 5, 6. Phylogenetic trees were constructed by maximum parsimony and Bayesian methods. Maximum parsimony analysis was conducted with PAUP* v4.0b10 (Swofford 2000) using the heuristic option with random addition sequences and TBR branch swapping with 1,000 replications. All characters were treated as unordered, and weighted equally. The 50% majority rule consensus tree was constructed from the most parsimonious trees. Branch support was estimated by bootstrapping (Felsenstein 1985) with 1,000 replicates, simple addition sequence, and TBR branch swapping. The model of sequence evolution was selected by the Akaike information criterion (AIC) in ModelTest 3.7 (Posada and Crandall 1998) . For combined data, ModelTest preferred the K81uf+I model. Using the selected model parameters, Bayesian analyses were performed in MrBayes 3.1.1 (Huelsenbeck and Ronquist 2001) for 3,000,000 generations with four MCMC chains, and tree sampling every 100th generations. The initial 3,600 trees were discarded as burn-in and remaining trees were imported into PAUP* to construct the 50% majority rule consensus tree. The minimum spanning tree of chloroplast haplotypes was constructed by Arlequin ver.2.000 (Schneider et al. 2000) .
The alignment of four chloroplast non-coding regions was 2,076 bp long, consisting of 74 variable sites of which 41 were parsimony informative ( Table 3 ). Most of the parsimony informative sites were viewed by outgroup comparison. The trnT-trnE region was most variable among the four regions analyzed (Table 3 and Table 4 ). Wild, weedy and cultivated azuki beans showed 10 substitutions (2 parsimony informative), 2 inversions (CT/AG at site 612-613 and site 616-617), 2 indels (1 parsimony informative) and 16 micro-satellite variations (12 parsimony informative) in combined data set of four regions (Table 4 ). The fourteen cultivated accessions showed 11 microsatellite variations and 2 substitutions. The six weedy accessions showed a difference of 6 microsatellites. The thirteen wild accessions showed 14 microsatellites, 2 inversions, 8 substitutions, and 2 large indels (ATTTCTAT and CTTTA) ( Table 4 ). Cultivated and weedy azuki beans shared one synapomorphic substitution (site 1706 in trnT-trnE) and 2 microsatellites (site 1345 in trnQ-rps16 and site 2459 in trnY-trnD) with East Asian wild azuki beans (W27, W28, W29, W30, W31) ( Table 4 ).
Both maximum parsimony and Bayesian analyses revealed a similar topology. A phylogenetic tree constructed with Bayesian analysis is shown in Fig. 1 . All V. angularis accessions and two V. nepalensis accessions (W32, W33) were clustered as monophyly with 100% posterior probability and 100% bootstrap support. All cultivated and weedy accessions were clustered with East Asian wild azuki beans from Taiwan, Korea and Japan (W27, W28, W29, W30, W31) in a single clade (100% posterior probability and 66% bootstrap support) in which small sub-clusters and polytomies were found with 57% to 100% bootstrap support. The minimum spanning network for wild, weedy and cultivated azuki beans, including V. nepalensis, classified 25 chloroplast haplotypes into two groups of chloroplast lineages (I and II in Fig. 2) . Two groups were separated with four changes. Himalayan wild azuki bean accessions (W21, W22, W23), V. nepalensis (W32, W33) and Chinese wild azuki bean accessions (W24, W25, W26) belonged to group I. East Asian wild (W27, W28, W29, W30, W31), all weedy (D15 to D20) and cultivated accessions (C1 to C14) formed group II. Three wild (W28, W29, W30), three weedy (D18, D19, D20) and one cultivated (C6) accessions shared the same haplotype (Fig. 2) and were all from East Asia (Table 1) . One Bhutan cultivated azuki accession (C2) shared the same haplotype with a Japanese cultivated accession (C13). Network analysis revealed no lineage differentiation among cultivated azuki beans from the Himalayan highlands and East Asia (Fig. 2) .
The present study confirms previous findings (Ye and Yamaguchi 2007 ) that V. nepalensis is a geographical form of V. angularis. Since the natural distribution of wild azuki beans is associated with the temperate forests of East Asia and Himalayan highlands (Maréchal et al. 1978 , Murata et al. 1995 , Tateishi 1983 , 1984 , Yamaguchi 1992 , Yang and Han 1994 , V. nepalensis can be considered representative of wild azuki beans adapted to relatively warm climatic conditions of the Himalayan highlands (Tateishi and Maxted 2002) . If the azuki bean was domesticated from donor populations of wild azuki beans in East Asia, it might be expected that the same maternal lineages could be found in cultivated azuki beans from both the Himalayan highlands and East Asia. On the other hand, multiple maternal lineages might be expected in cultivated azuki beans if the domestication occurred separately in both the Himalayan highlands and East Asia. The haplotype network of chloroplast lineages clearly depicts the nested positions of Himalayan cultivated azuki beans among East Asian wild, weedy and cultivated azuki beans (Fig. 2) . Shared synapomorphy, microsatellite variation (homoplasy), and no maternal lineage differentiation between Himalayan and East Asian cultivated azuki beans as revealed by the present study (Table 4 , Fig. 1 and Fig. 2 ) suggest that the maternal genome donor of cultivated azuki bean might be the wild populations in East Asia.
